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Abstract 
Understanding the response of a stiffened panel under 
compressive load is important for an ultimate limit state 
analysis of a ship structure. Panel load shortening 
curves are required for determining failure characteris-
tics using a progressive collapse type methodology. This 
paper presents a semi analytical approach to predict the 
load shortening behaviour of a stiffened panel under uni 
axial compressive load. The method takes into account 
local and overall failure modes including gross panel 
collapse, interframe collapse and local component buck-
ling.  Results demonstrate that the method predicts the 
effects of gross panel buckling on the pre and post col-
lapse behaviour of the panel. The method compares well 
to equivalent finite element analyses.  
Keywords 
Ultimate strength; panel buckling; plate buckling; pro-
gressive collapse; aluminium 
Introduction 
Ultimate limit state methods have been applied to nu-
merous types of design problem in the marine industry. 
For some vessel types limit state design is replacing 
more conventional allowable stress methods. One such 
application is for the design of large aluminium hulled 
vessels which must be lightweight yet will operate in 
exposed ocean environments. Methods to optimise ves-
sel scantlings and reduce weight whilst maintaining 
adequate girder strength are thus a valuable tool to the 
designer.  
The response of the orthogonally stiffened structure 
between the compartment bulkheads of a large high 
speed craft is of particular interest; the increased flexi-
bility of relatively lightweight panels means that overall 
collapse modes may have a significant influence on the 
global response of the structure under primary hull 
girder bending moments. 
The semi analytical methodology described in this paper 
combines component test results with established ana-
lytical methods to predict local and global failure modes 
for stiffened panel elements. These include plate buck-
ling, stiffener tripping, interframe panel collapse and 
gross panel buckling over multiple frame spaces. Com-
ponent load shortening curves of the plate and stiffener 
elements comprising the longitudinal structure are de-
rived from parametric nonlinear finite element analyses. 
The data is used in conjunction with a semi analytical 
approach to predict the ultimate strength characteristics 
of a panel in interframe and overall panel failure modes; 
modelling the panel as an equivalent orthotropic plate 
with material constants defined as a function of compo-
nent level strength. The methodology is thus able to 
generate complete panel load shortening curves up to 
and beyond the peak collapse strength.  
The proposed method forms part of the development of 
an improved progressive collapse type procedure which 
is capable of accounting for overall buckling of the 
orthogonally stiffened structure. Furthermore the overall 
collapse methodology has the capacity to account for 
the influence of aluminium structural properties includ-
ing the nonlinear stress-strain response, softened zones 
due to welding, residual stresses, geometric distortions 
and localised damage. 
Hull Girder Ultimate Strength Methods 
This section summarises methods to assess overall hull 
strength and sets out the context of the present research.  
Ultimate limit state design 
Ultimate limit state design is a philosophy in which the 
“capacity” (ultimate strength) of a structure is evaluated 
directly and compared to the “demand” (extreme load) 
applied to the structure. Partial safety factors are em-
ployed to account for uncertainties in the capacity and 
demand. Unlike allowable stress design the ultimate 
limit state method is based on explicit quantification of 
the ultimate strength of the structure under specific 
conditions – thus the structure needs to be evaluated 
upto and beyond failure.  
Limit state design methods can be applied to a hull 
structure by applying longitudinal bending to the hull 
girder. Until recently the size and complexity of a hull 
  
structure has limited solution methods for the overall 
bending problem to simplified approaches. With con-
tinuing advances in computer speed the nonlinear finite 
element method (FEM) has also been used to predict 
hull girder ultimate strength.  
Nonlinear FEM 
Nonlinear FEM is now a viable option for hull girder 
strength assessment. However, from a design perspec-
tive, FEM requires detailed knowledge of the geometry, 
imperfections and residual stresses in the structure 
whilst in service, which are not well understood even at 
the final design stage. Furthermore, from an analysis 
perspective, FEM requires considerable computer time 
both in setting up and solving the discrete model. Ele-
ments must be sized sufficiently small to represent the 
local structure including stiffeners and plating ade-
quately. For aluminium panels this also includes the 
heat affected zone adjacent to welded joints. The ele-
ment mesh for an entire hull girder is therefore large.  
The progressive collapse method 
Simplified methods to predict the global strength of a 
hull girder were initially developed for steel naval ships 
and have since been utilised for various types of large 
merchant vessels. The progressive collapse method 
(Smith 1977) and idealised structural unit method 
(ISUM) (Ueda and Rashed 1991) are perhaps the most 
well recognized methods in the marine field. Both use a 
similar conceptual approach in predicting hull girder 
strength. This study refers to the Smith progressive 
collapse method but the results are valid for adaptation 
to the ISUM approach. 
Overall hull girder bending is resisted by the continuous 
longitudinal structure running through the main body of 
a ship. This normally comprises the longitudinal stiffen-
ers and plating making up the side shell and decks of the 
hull.  Overall bending imparts in plane forces on the 
longitudinal structure. The structure may also be sub-
jected to transverse in plane loads and local bending 
arising from lateral pressure loads.  
For a progressive collapse type analysis the hull girder 
is usually divided into plate-stiffener combination (PSC) 
elements; each element comprises a single longitudinal 
stiffener with attached plating located between adjacent 
transverse frames. Failure of the hull girder in overall 
bending occurs by interframe failure of these elements; 
thus the transverse frames are assumed to be sufficiently 
strong to act as boundary supports.  
The progressive collapse method has proved robust in 
the analysis of steel vessels with relatively stocky trans-
verse frames which ensure interframe collapse. How-
ever the progressive collapse method in its present form 
does not account for the possibility of failure modes 
over a number of frame spaces. Recent work by Benson 
et al. (2009a) expanded on in this paper has shown that 
the strength of relatively lightly framed aluminium 
panels typical of a high speed craft can be adversely 
affected by overall collapse modes.  
Stiffened Panel Ultimate Strength Methods 
Analysis of a hull girder using the progressive collapse 
method requires information on the strength behaviour 
of stiffened panel elements, usually in the form of load 
shortening curves.  
The strength of stiffened panels can be evaluated using 
nonlinear FEM. Numerous studies have successfully 
applied FEM for buckling analysis of plates, single bay 
stiffened panels and multi bay stiffened panels (Benson 
et al. 2009a). However, as the model becomes more 
complex, the difficulties in setting up the model and the 
subsequent computation time increases rapidly. There-
fore, whilst FEM is now feasible for fast computation of 
component strength, simplified methods are more rele-
vant to predict the strength of more complex geometry.  
Local strength of plating and stiffeners 
Various methods to predict the local strength of plates 
and stiffeners have been developed including classical 
methods to solve the governing differential equations 
describing plate buckling, simple empirical formulae 
built into design codes (Faulkner 1975) and regression 
based formulae based on finite element approaches 
(Paik and Duran 2004). These approaches have been 
extended to predict the entire load shortening behaviour 
of plate and panel elements (Gordo and Guedes Soares 
1993). 
In the present study a standard nonlinear FEM is em-
ployed to calculate load shortening response curves for 
the plating and stiffener components making up the 
orthogonal structure of a panel. FEM is a relatively 
refined method for predicting strength of plating. It has 
been used extensively to give a measure of ultimate 
strength and provides a good representation of the pre 
and post collapse behaviour of components. 
PSC and single bay stiffened panel strength 
In addition to the nonlinear FEM a number of simplified 
methods are available to predict the interframe strength 
of stiffened elements. Simple closed form methods to 
predict PSC load shortening have been derived by 
Gordo and Guedes Soares (1993) and Sun and Wang 
(2005). Methods generally use empirically based equa-
tions to describe the panel strength.  
Beam column methods based on classical plastic theory 
are also used to predict PSC response. For example 
Chen (2003) derived an approach based on a step-by-
step formulation which can model the effects of adja-
cent frame spaces. However beam column methods 
usually assume an elastic-perfectly-plastic material 
response and are difficult to include effects such as 
residual stress and HAZ.  
Multi bay stiffened panel strength  
A report by Mansour (1977) broadly categorises meth-
ods to analyse gross panel strength including orthotropic 
plate analysis, intersecting beam approaches and FEM. 
Of these the orthotropic plate analysis is adopted in this 
study together with component FEM results. 
  
Orthotropic methods treat the plating and stiffeners as 
an equivalent plate with different elastic properties in 
the two orthogonal directions. The elastic constants in 
each direction are calculated assuming the stiffeners are 
“smeared” into the plating. The governing nonlinear 
equations of orthotropic plate theory are extended from 
von Karman’s original equilibrium and compatibility 
equations. The form of the governing equations depends 
on the orthotropic plate method, which range from small 
deflection linear theory to large deflection nonlinear 
theory. Solutions to the orthotropic plate problem are 
presented by Mansour (1977), Hughes (1988) and Paik 
et al. (2001). DNV have also developed a stiffened 
panel buckling program using an orthotropic model 
(Steen 2001).  
The orthotropic plate theory has usually been consid-
ered more suitable for a panel with a large number of 
relatively small, closely spaced stiffeners running in 
both directions. For example the Admiralty Research 
Establishment (Smith 1967) found that orthotropic plate 
theory was good for simply supported panels with mul-
tiple stiffeners in both directions but less accurate for 
panels with different edge boundary conditions or with 
less than three stiffeners in each direction.  
However, a recent study by Paik et al. (2001) has shown 
that a large deflection orthotropic plate method shows 
good correlation to finite element results for buckling 
problems between adjacent frames as well as for overall 
panel buckling of multiple framed panels. Paik’s ap-
proach is incorporated into the ULSAP computer pro-
gram (Paik and Thayamballi 2003). A development of 
the method as described by Paik et al. (2001) is pre-
sented in this paper.  
The Semi Analytical Method 
This paper describes a semi analytical method to deter-
mine the load resistance of a multi stiffened panel in 
uniaxial compression. The method is suitable for an 
incremental type analysis to produce a complete load 
shortening curve for the panel. This section describes 
the basis of the methodology; following sections pro-
vide a summary of the calculation steps. Comparisons 
with FEM analyses at each step of the methodology are 
made.  
Structural hierarchy 
The progressive collapse method requires information 
on the strength behaviour of the plating and stiffening 
making up the continuous structure. For an assessment 
of ship strength in overall bending it is therefore useful 
to consider an analysis hierarchy starting from the basic 
components and continuing up to the entire hull girder. 
For the purposes of ultimate strength assessment of a 
hull girder the structural categories are as follows: 
• Level 1 – Plates and stiffeners  
• Level 2 – Interframe panels 
• Level 3 – Orthogonally stiffened panels 
• Level 4 – Hull girder 
An assessment of hull girder strength using simplified 
methods normally progresses through this hierarchy. 
For example, to predict the strength of a PSC element 
(Level 2) requires information about the strength behav-
iour of the unstiffened plating (Level 1). The strength 
characteristics of PSC elements are then used in a pro-
gressive collapse method to predict the strength of the 
hull girder (Level 4).  
An assessment of hull girder strength using the finite 
element method (FEM) does not follow a hierarchal 
progression in the same way as a simplified approach 
but it is still useful to think of the method in the same 
terms. As a general rule an FEM model at a particular 
level must include an adequate representation of struc-
tural details at lower levels. For example nonlinear FEM 
analysis of an entire hull girder must include structural 
details upto and including plate/stiffener imperfections.  
Method steps 
The semi analytical method described in the following 
sections of this paper follows the structural hierarchy to 
predict the uniaxial strength behaviour of an or-
thogonally stiffened panel (Level 3) with dimensions as 
shown in Fig. 1. The semi analytical method is devel-
oped for implementation in an overall hull girder analy-
sis (Level 4) using an improved progressive collapse 
procedure.  
The method is incremental and is suitable for predicting 
the instantaneous resistive strength of a panel under a 
specified end shortening. The end shortening (u) is 
increased incrementally and the corresponding panel 
resistance is calculated in the following steps: 
1. The unstiffened plate resistance is evaluated using 
standard curves derived from FE analysis. 
2. The stiffener resistance is evaluated using standard 
curves derived from FE analysis. 
3. The PSC resistance is estimated; combining the plate 
and stiffener resistance and including a correction 
for their interaction. 
4. The overall (multi bay) panel strength between one 
or more adjacent frame bays is evaluated and com-
pared with the interframe panel resistance to deter-
mine the occurrence of an overall collapse mode. 
5. The overall panel resistance is evaluated. 
 
Fig. 1: Coordinate system and dimensions of panel 
  
Unstiffened Plate Strength 
The determination of the unstiffened plate resistance at 
a given panel shortening (Step 1) is derived using a 
representative load shortening curve from FEM gener-
ated datasets.  
The shell and deck plating of a hull girder provides most 
of the longitudinal strength to resist primary bending. 
The behaviour of plate elements thus has a significant 
effect on the strength of the overall hull girder. The 
plating can be considered to be unstiffened and simply 
supported between adjacent longitudinals and adjacent 
frames. Loads are applied in plane at the edges and 
lateral loads applied normal to the surface.  
The relationship between resistance and end displace-
ment of a plate loaded progressively in plane along its 
short edges is normally represented by non dimensional 
load shortening curves. Although not discussed here 
curves can also reflect the influence of a constant lateral 
pressure load and/or constant secondary in plane load on 
the long edges of the plate. 
The plate itself is defined according to the non dimen-
sional slenderness ratio, which is a function of plate 
geometry (b, t), material proof stress (σ0) and Young’s 
modulus (E): 
E
σ
t
b
β 0=  (1) 
Simple rule methods to determine the ultimate strength 
of a steel plate in uniaxial compression have been well 
developed and compare well to FEM and experimental 
results (Faulkner 1977). Closed form expressions are 
also available for aluminium plating (Paik and Duran 
2004).  
The prediction of the entire load shortening relationship 
using closed form analytical methods is also feasible 
(Sun and Wang 2005) but is not such a straightforward 
task. In particular the post buckling response prior to 
reaching the ultimate strength and the post collapse 
characteristics are difficult to predict analytically due to 
the non-uniform influence of slenderness and geometric 
nonlinearity. 
Furthermore the complexity in the determination of 
aluminium plate strength is increased due to the differ-
ing nonlinear stress-strain relationship of the alloys and 
the occurrence of a reduced strength heat affected zone 
(HAZ) along the welded plate edges. It has been shown 
how these factors can affect both the magnitude of the 
plate ultimate strength and the load shortening relation-
ship (Benson et al. 2009b; Paik and Duran 2004).  
Therefore a numerical FE approach was adopted in this 
study to produce a systematic series of load shortening 
curves for a range of plates. The curves can be imple-
mented in a computer program which uses interpolation 
to generate a representative curve for a plate of any 
geometry and material characteristics within specified 
ranges.  
It is now relatively simple and computationally efficient 
to carry out nonlinear FEM on an unstiffened plate. 
Solution times using a standard desktop PC are rela-
tively fast and most commercial FE codes can be auto-
mated to some extent for repeat analyses of a standard 
series of plate dimensions. It was therefore considered 
feasible to produce a parametric series of standard load 
shortening curves for steel and aluminium plating en-
compassing a wide range of slenderness ratios.  
Analysis series were completed for plates with consis-
tent geometric imperfections consisting of three magni-
tude levels (slight, average and severe) as defined by 
Smith et al. (1991) and a two mode Fourier series im-
perfection shape comprising 80% single half wave and 
20% square half wave along the length and a single half 
wave across the width. A residual stress distribution is 
modelled assuming welding along the plate edges and, 
for the aluminium panels, a longitudinal HAZ with 
reduced material properties. The FE models are consis-
tent with those described in more detail by Benson et al. 
(2009b).  
The datasets give the non dimensional stress–strain 
relationship of each plate as normalised ratios (σ’-ε’) 
using the material proof stress (σ0=215 / 260 MPa for 
5083-H116 / 6082-T6) and proof strain (ε0=3.1x10-3 / 
3.7x10-3 for 5083 / 6082). The curves are therefore 
applicable to plates of arbitrary dimensions. The plate 
resistance, rp, is thus a function of the end displacement 
and is calculated by converting the normalised stress-
strain relationship to a load shortening relationship: 
.aε'.εuwhere.b.t(u).σσ'(u)r 0p0p ==  (2) 
Aluminium plate strength is defined as a function of 
only three defining characteristics: plate slenderness 
ratio (β), imperfection amplitude and a HAZ ratio (HR), 
which is defined as: 
HAZ
R b
bH =  (3) 
The influence of plate aspect ratio is accounted for by 
using numerical solutions for long plates to construct 
the load shortening curves.  
 
Fig. 2: 5083-H116 plate stress-strain curves, average 
imperfection/residual stress, HR = 6, varying β 
  
 
Fig. 3: 5083-H116 plate stress-strain curves, average 
imperfection/residual stress, β = 2.5, varying HR 
Fig. 2 shows a selected dataset for a 5083-H116 plate 
with HR=6 and varying slenderness. Fig. 3 shows a 
dataset for a 5083 plate with β=2.5 and varying HR.  
For a ship plate with dimensions within the dataset 
range a representative load shortening curve can be 
easily produced by interpolating between dataset curves 
for a calculated β and HR; for this study this was 
achieved using a computer code integrated into the 
panel collapse method and linked to the plate datasets. 
The instantaneous tangent stiffness of the plate, Ep,T, is 
also output for use in the orthotropic method described 
in later sections of this paper.  
Future publications will present the complete dataset 
produced for this study in a format useful for designers 
together with a description of the modelling approach.  
Longitudinal Stiffener Strength 
The determination of the stiffener resistance at a given 
panel shortening (Step 2) is, like the plating, also de-
rived using a representative load shortening curve from 
a predefined dataset. 
Stiffener sections are usually procured either extruded 
or rolled to standard sizes; for example Alcan produce 
standard ship tee-bar stiffeners in the proprietary alloy 
5383-H116 (material properties similar to 5083-H116) a 
selection of which are given in Table 1. 
Table 1: Alcan standard tee bar extrusions (5383-H116) 
Ref. hw 
(mm) 
tw 
(mm) 
bf 
(mm) 
tf 
(mm) 
Section Area 
(mm²) 
T70 70 4 40 6.1 536.3 
T120 120 5.5 55 7.7 1091.9 
T170 170 6.5 65 10.3 1777.5 
 
A stiffener in compression has three fundamental col-
lapse modes: together with the plating (beam-column 
buckling); by stiffener tripping (torsional-flexural buck-
ling); or by local buckling of the stiffener web (Sun and 
Wang 2005). Assuming they are independent of beam-
column buckling, the latter two can be predicted in FEM 
by analysing the stiffener “in isolation” with a suitable 
boundary condition representing the connection joint to 
the plating (Fig. 4). Beam column buckling cannot be 
predicted in this way and is considered separately in the 
next section.  
For a given cross section the stiffener strength behav-
iour in end compression is a function of its length. 
Therefore a series of FEM generated load shortening 
curves were produced for a range of stiffener lengths 
typical of ship construction. Standard geometric imper-
fections were defined as according to Smith et al. (1991) 
and, for aluminium stiffeners, a 25mm HAZ breadth 
with reduced material properties was included.  
The standard curve sets were implemented in a com-
puter code for interpolating between data for a stiffener 
of arbitrary length. For each stiffener cross section two 
idealised curve sets were produced, one assuming a 
simple support and the other with a large rotational 
stiffness (Kω  = 100GPa) at the joint which represents 
the influence of the attached plate. An example curve 
series is shown in Fig. 5.  
 
Fig. 4: Stiffener FEM model boundary conditions 
 
 
Fig. 5: T120 stiffener stress-strain curves, average 
imperfections, simply supported, varying length 
The actual rotational stiffness imparted on the stiffener 
from the attached plate can be estimated using the for-
mula given by Hughes (1988): 
αCrCb
4D
ωK =  (4) 
where Kω  is the distributed rotational restraint stiffness 
which the plating exerts on the stiffener, Cr is a correc-
tion factor due to web bending and Cα is a correction 
factor for plate aspect ratio (approximated to 1.0 for 
long plates).  
  
For a typical ship type plate Kω  ranges from about 
20GPa to 100GPa.  Further FEM analyses found that, 
within the range studied here, the relationship between 
strength and rotational stiffness was approximately 
linear. Therefore an adequate representation of the stiff-
ener curve including the influence of the attached plat-
ing could be generated by a two step linear interpolation 
process, firstly to generate curves for the actual stiffener 
length and then between the simply supported and 
Kω=100GPa curve.  
Plate Stiffener Combination (PSC) Strength 
A PSC is the fundamental element used in a progressive 
collapse analysis and thus a suitable and it is important 
to use an accurate analytical method to predict its load 
shortening curve. Step 3 of the semi analytical method 
is to determine the PSC resistance, rpsc, at a given dis-
placement.  
PSC resistance is estimated using the properties of the 
component load shortening curves defined in the previ-
ous two sections. The method proposed here follows 
two stages to determine PSC resistance at a given end 
displacement:  
1. The resistance of the plate and stiffener as defined 
by the component load shortening curves are merged 
to determine a combination resistance, rc.  
2. The combination resistance is compared to the ulti-
mate strength of an equivalent orthotropic plate over 
a single frame space, rbc. The orthotropic method 
takes into account the instantaneous properties of the 
plate and stiffener and thus, as the component load 
shortening curves depart from a linear elastic re-
sponse, the beam column strength of the panel also 
progressively reduces. 
The instantaneous PSC resistance, rpsc(u) is the lesser of 
these two calculated values. These steps are repeated in 
an incremental analysis to produce a complete PSC load 
shortening curve. The ultimate strength and post col-
lapse characteristics of the PSC, together with the mode 
of collapse, are determined based on this comparison. 
Beam-column collapse is indicated if rbc(u) becomes 
less than rc(u). If rbc(u) remains greater than rc(u) then 
failure is assumed to be by stiffener tripping or local 
plate failure (depending on which component load 
shortening curve peaks first). 
Combination Resistance 
Paik and Thayamballi (2003) gives a simple equation to 
estimate peak strength of a PSC by combining the plate 
and stiffener strength using the proportional area of each 
component. Generalising this equation to be applicable 
at any end displacement gives: 
ffww ffwwspc .tb.thb.t ).tb.t(u).(hr(u).b.tr(u)r ++ ++=  (5) 
The combination strength will account for plate buck-
ling, stiffener web buckling and stiffener tripping, 
which are essentially local to the components, but does 
not account for beam column buckling where the plate 
and stiffener fail as one unit.  
If the beam column strength remains greater than the 
resistance predicted by Eq. 5 then failure is assumed to 
be by stiffener tripping or local plate failure (depending 
on which component load shortening curve peaks first). 
If this is the case then Eq. 5 continues to be applied in 
the post collapse region.  
Orthotropic Plate Method 
The instantaneous beam column resistance over a single 
frame bay is estimated using a large deflection 
orthotropic approach. The PSC is assumed to be equiva-
lent to a single bay orthotropic plate with a large num-
ber of longitudinal stiffeners to minimise end boundary 
condition effects. The orthotropic plate ultimate strength 
at a given end displacement is calculated using the uni-
axial compression method as described by Paik et al. 
(2001) with revised definitions of the elastic constants 
to take into account the instantaneous properties of the 
plate and stiffener. Whilst a full description of the 
orthotropic plate derivation is given in the above refer-
ence, this paper just describes the proposed revisions to 
the definitions of the orthotropic plate properties.  
The orthotropic plate properties include the elastic 
modulii (Ex, Ey), flexural rigidities (Dx, Dy) and tor-
sional rigidity (H). They are derived using the govern-
ing nonlinear differential equations of large deflection 
orthotropic flat plate theory. In Paik’s method these 
quantities are functions of the panel geometry and the 
material Young’s modulus, E; thus they remain con-
stant. 
For the incremental method proposed in this paper, the 
elastic and flexural properties of the panel components 
(plates and stiffeners) are recalculated at each increment 
of end displacement using the instantaneous properties 
of the components. As the panel is loaded the tangent 
modulus of the stress strain curve reduces and also, 
often more importantly, the flexural rigidity of the com-
ponents are affected.  This is because the load shorten-
ing of the plates and longitudinal stiffeners departs from 
the linear elastic relationship and cannot be described by 
the linear Young’s modulus. The instantaneous proper-
ties are applied in the orthotropic approach, thus provid-
ing an instantaneous measure of the orthotropic plate 
strength at every increment of end displacement. 
The longitudinal properties are reworked as follows: 

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where Ep,T is the instantaneous tangent modulus at the 
given end displacement from the plate component load 
shortening curve, Es,T is the tangent modulus of the 
stiffener load shortening curve, E(σ−ε) is the tangent 
modulus of the material stress-strain curve, Ix is the 
  
moment of inertia of the stiffener with respect to the 
neutral axis, z0 is the height of the neutral axis from the 
middle plane of the plating, and υxy is the orthotropic 
Poisson’s ratio.  
The revised elastic modulus as given by Eq. 6 is used to 
determine the Poisson’s ratio of the orthotropic plate as 
used in Eq. 7. The torsional rigidity is also calculated 
using the revised properties. 
Eqs. 6~7 show that a reduction in the gradient of the 
component load shortening curves corresponds to a 
reduction in the elastic constants. This lowers the panel 
ultimate strength as calculated by the orthotropic plate 
method. For aluminium panels a nonlinear material 
stress-strain relationship will also have a negative effect 
on the panel ultimate strength as end displacement in-
creases.  
The revised elastic constants are implemented in the 
orthotropic calculation procedure to calculate the mem-
brane stress distribution inside the panel (σxmax, σxmin, 
σymax and σymin) for an assumed average applied longitu-
dinal stress, σxav. For full details of the calculation pro-
cedure, refer to Paik et al (2001). The von Mises yield 
condition is used to assess the resulting ultimate stress 
criteria. σxav is adjusted using convergence criteria until: 
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The ultimate strength of the beam-column is then calcu-
lated: 
( )ffww .tb.thb.t ++= xavbc ur σ)(    (9) 
Comparison with FEM 
Four tee bar stiffened models, as detailed in Table 2, are 
analysed using the semi analytical procedure and by 
nonlinear FEM. The results as shown here form part of 
a more complete validation currently being undertaken. 
In Table 2 column slenderness is defined as: 
E
σ
πr
a
λ 0=  (10) 
where r is the radius of gyration of the cross section.  
Table 2: Stiffened Panel Models 
Ref. Plate 
Dim. 
Length, 
a (mm) 
Stiff. X-
Section  
β λ 
PSC1 400x14.8 1200 T120 1.5 0.61 
PSC2 400x11 1200 T120 2.0 0.56 
PSC3 400x8.9 1200 T120 2.5 0.53 
PSC4 400x7.4 1200 T120 3.0 0.51 
 
The FEM models are defined with suitable boundary 
conditions, imperfections and mesh refinement as de-
scribed in Benson et al. (2009a). Geometric and material 
imperfections are consistent with the plate and stiffener 
models described previously. Only 5083-H116 alumin-
ium panels are presented, although the simplified 
method is also applicable for steel panels.  
Fig. 6 presents the load shortening curves for panels 
PSC1-4 produced using the simplified method together 
with the FEM results.  
 
Fig. 6: PSC load shortening curves: comparison of 
semi analytical and FEM analyses 
The comparative results show good correlation through-
out.  The relatively stocky plated panels (PSC1 and 
PSC2) fail in a beam column mode and have a very 
steep post collapse unloading curve. This is reflected 
reasonably well by the semi analytical method. Panel 
PSC3 fails by stiffener tripping and panel PSC4 by local 
plate buckling. The magnitude of the peak strength is 
well predicted for all panels by the semi analytical 
method as compared to FEM. The post collapse charac-
teristics of the more slender panels are also predicted 
reasonably well although the FEM for PSC3 suggests an 
earlier attainment of peak strength and slightly different 
unloading curve shape. Further refinement of the 
method to predict unloading characteristics is currently 
being investigated. 
Overall Panel Strength 
The final stages of the semi analytical method (Steps 4 
and 5) are to determine the overall panel strength over a 
number of frame spaces and compare with the PSC 
strength to determine the overall panel resistance and 
buckling mode at a given end displacement. 
Overall panel strength is calculated using the 
orthotropic method as described in the previous section 
including the revised definitions of the longitudinal 
elastic constants. In the last section the beam column 
collapse strength, rbc(u), was estimated by assuming an 
orthotropic plate with a large number of longitudinals.  
For the overall panel strength calculation the orthotropic 
calculations are carried out with the correct number of 
longitudinals and repeated over a number of frame 
spaces, starting with a single frame model and increas-
ing the number of frames until a defined maximum is 
reached (normally the length of the compartment).  
The overall panel strength at a given displacement, u, is 
denoted ro,m(u), where m is the number of frame spaces 
considered. A series of potential panel strengths are 
evaluated with a progressively increasing value of m up 
to the total number of panel frame spaces. 
At each displacement increment the instantaneous pro-
jected collapse mode of the panel, rpanel(u), is evaluated 
  
as the lesser of: 
• rc(u) – local plate or stiffener failure 
• rbc(u) – interframe collapse of the PSC 
• ro,m(u) – overall collapse over m frame spaces 
The transverse frame geometry is included in the defini-
tion of the orthotropic plate properties – for the uniaxial 
compression case the transverse elastic constants use the 
linear elastic material properties throughout the analy-
sis. If the semi analytical method is extended to account 
for biaxial compression then the definition of these 
constants would need further review.  
Table 3: Stiffened Panel Models 
Ref. Long. 
Dim. 
Transverse 
Dim. 
No. of longi-
tudinals 
No. of 
transverses 
Panel1 PSC1 360x10 10 5 
Panel2 PSC1 360x10 20 5 
Panel3 PSC1 180x10 20 5 
Panel4 PSC2 360x10 10 5 
Panel5 PSC2 360x10 20 5 
Panel6 PSC2 180x10 20 5 
 
Analysis over a number of frame spaces account for the 
influence of overall collapse modes. Therefore a number 
of comparative tests were undertaken for panels with 
relatively stocky longitudinal dimensions (PSC1 and 
PSC2 in Table 2) and differing transverse dimensions. 
These panels are most susceptible to overall collapse. 
The transverse frame is a flat bar stiffener with dimen-
sions as shown in Fig. 1 and Table 3.  
 
 
 
Fig. 7: Panel load shortening curves 
 
Comparative plots of the panel load shortening curves 
with nonlinear FEM analyses are shown in Fig 7. Ex-
ample plots of the FEM model upon reaching peak 
ultimate strength for panels 1-3 are shown in Fig 8. The 
FEM models have been set up consistent with those 
described by Benson et al. (2009a) with representative 
average imperfections, residual stresses and heat af-
fected zones. Only half panels are modelled with a plane 
of symmetry along the longitudinal centreline.  
It is clear that as the number of longitudinals is in-
creased (hence the overall panel width increases) the 
strength of the panel decreases. Panels 1 and 4 show 
failure interframe and thus show similar characteristics 
to the PSC model. The remaining panels buckle over 
multiple frame spaces and thus the overall buckling 
strength has a negative effect on the peak strength and 
the shape of the load shortening curve following col-
lapse. The orthotropic method was found to calculate 
the same buckling mode as predicted by the FEM mod-
els. The examples as shown in Fig 8 show that Panel 1 
collapses interframe shortly after stiffener tripping oc-
curs, whilst Panels 2 and 3 collapse over multiple frame 
spaces.  
 
 
 
 
Fig. 8: Post collapse FEM model for Panel 1 (top), 
Panel 2 (middle) and Panel 3 (bottom). Dis-
placement magnification = 2.  
  
The semi analytical method shows good agreement with 
the FEM analyses. The method predicts the magnitude 
of the peak strength well and provides a reasonably 
good approximation of the general shape of the post 
collapse curve. Further work to better determine the 
post collapse characteristics is currently underway. 
Conclusions 
The semi analytical method as summarised in this paper 
is able to predict the onset of overall and local buckling 
modes for a multi bay stiffened panel in uniaxial com-
pression. Comparisons with FEM analyses have shown 
good correlation throughout a range of end shortening 
upto and beyond the peak ultimate strength.  
The experiments show that overall buckling modes can 
have a significant effect on the load shortening charac-
teristics of a panel and that PSC models may not always 
be sufficient in representing the behaviour of a structure 
in a progressive collapse type method. If overall buck-
ling modes are expected then an enhanced ultimate hull 
girder strength analysis method which includes the 
effects of the panel characteristics is needed.  
The procedure described in this paper is applicable for a 
longitudinally compressed panel only. Further develop-
ments are envisaged to extend the methodology to deal 
with multiple load combinations including lateral pres-
sure loads and biaxial in plane compression.  
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